Abstract-Wearable products or biosensors require conformability to a complex curved surface or stretching and moving shapes such as parts of the human body. However, it is difficult to apply conventional printed wiring boards (PWBs) or flexible printed circuits (FPCs) to these applications. This situation prompted us to develop a novel wiring structure suitable for 3D-conformable devices. Our structure is composed of spiral-shaped metal wiring and a polymeric insulating layer that has a similar shape. This wiring structure has the following key features: (1) 3D conformability that combines deformability with robustness, (2) low and unchanging electrical resistance during stretching, and (3) a process applicability that allows solder mounting processes or photo processes to be employed to manufacture this device. In this paper, we show the advantages of this structure compared to other conventional types. We also demonstrate a conformable LED matrix display in which LED chips are mounted at the center of each spiral in the array.
INTRODUCTION
The IoT (Internet of Things), in which everything has an internet address, is attracting increasing attention. Wearable devices are expected to be applied to various fields such as healthcare, fitness, entertainment, and manufacturing, since they can be routinely used to sense biometric information or to deliver information. Various forms of devices have already been proposed that feature wearability. "Hard" devices such as wristwatches or glasses-type have been manufactured; however, "soft" devices such as clothes-integrated or patch-type devices have also been proposed. In the latter case, a close fit to the human body is needed to achieve a natural-feeling and comfortable-to-use device that does not cause discomfort. Any such device will require high conformability to follow the curved surfaces and movements of the human body.
However, it is difficult to achieve a next-generation wearable device such as this using conventional PWBs or FPCs, since they cannot bend or stretch to conform to changing shapes. To meet these requirements, there is a need for the development of materials and structures for a new device that allow a high degree of flexibility by featuring stretchable properties. Special wiring is needed to enable the flexibility of the entire device to be able to tolerate strain and minimize any stress on active components whose characteristics would risk being degraded by even slight physical distortion. This has led to the promotion of development of materials and structures such as "stretchable wiring": for example, methods have been reported in which metal wiring is patterned to follow a meandering shape, using conductive fibers as wiring, and of forming wiring on a stretchable substrate by printing conductive paste made by dispersing conductive filler in an elastomer binder [1] [2].
Meander metal wiring has the superior characteristics of low electrical resistance and high thermostability; however, it has limited extensibility. Conductive fibers can only be used in fabrics, and there are also limits to their configuration or stretchability that are a function of the weave of the material. There are reports that printed wiring made of conductive paste is capable of more than 100% elongation [3] ; however, its electrical resistance is high, and varies a great deal during stretching, making it difficult to achieve reliable sensing. Another challenge is how to mount components on it.
In response to these problems, we have developed a stretchable wiring that is highly conductive and shows high conformability by applying a new structure to the metal wiring itself. Figure 1 illustrates the configuration of the stretchable wiring that we propose. This structure has the following three key features.
II. STRETCHABLE WIRING

A. Concept
• This wiring structure is a matrix array that takes a spiral shape, in which the wiring is both separated and supported by a polymeric layer. The spiral shape provides a high wiring capacity in the limited space between the lands. In this structure, furthermore, the wires are isolated from each other by the support layer, resulting in good deformability and robustness. This makes it possible to achieve both high density and conformability.
• This spiral-shaped wiring is made of metallic foil, allowing the electrical resistance of the wiring to maintain a stable and low value whether the wiring is stretched or not. The metal wiring also enables a conventional solder mounting process.
• The wiring and the insulating layer are formed using a photo process. Consequently, productivity is high because a structure can be formed in which all the wires are isolated from each other at the same time. This approach is the same as used in the conventional PWB process.
B. Process
Our method of forming a stretchable wiring is shown in Figure 2 . There are three processes: (a) a photosensitive polyimide (PI) sheet is laminated on copper foil; (b) the PI sheet is patterned in a spiral-shape by exposure and development using copper foil as the carrier sheet, and (c) the spiral-shaped wiring is formed by wet-etching a copper foil using patterned dry film resist. By means of these processes, a stretchable wiring based on a PI layer is prepared. Since the PI substrate isolates the wires from each other, it is possible to deform and extend them: when this happens, the PI layer also plays the role of a reinforcing layer.
III. THE CHARACTERISTICS OF STRETCHABLE WIRING
A. Comparison of the Reaction Force due to the Shape
We first examined the change in behavior of the electrical resistance and the reaction force in response to the tension caused by displacement when the wiring is extended. We compared meander wiring and spiral-shaped wiring of the same line width and land pitch.
The measurement settings and wiring shape are shown in Figure 3 . We measured the electrical resistance and the reaction force of both wiring shapes by extending it by 10% at a rate of 0.4 mm/s, holding it for 30 seconds, and returning it to its initial length at the same speed. In this case, the number of turns in a spiral shape indicates the number of rotations of the wiring from the center land, connected at the inflection point. The measurement results are shown in Figure 4 . They show different reaction forces in relation to the wiring shape, despite having the same line width and land pitch. The number of turns in the spiral structure also affected the reaction force. Further, it was found that the wiring resistances of both shapes change little, even when extended up to 10%: the resistance value at that time is low, at about 2 µΩ·cm, because they consist of metallic foil. 
B. Breaking Strength
Secondly, we evaluated how far the wiring can be extended until it breaks. It was stretched at a constant speed of 0.4 mm/s under the same conditions as shown in Figure 3(a) . The results are shown in Figure 5 . The limit elongation rate on breaking differed according to wiring shape. The greater the number of spiral turns, the greater were the limits on elongation rate. The elongation range is wide, since the wiring resistance increases only slightly until just before breakage. In this study, the spiral wiring was designed such that the land pitch is at equal intervals and the line width is also constant. We calculated the ratio of the actual spiral wiring length to the distance between the two adjacent centers of the spiral structure (land pitch). The results of comparing the calculated value with the limit elongation rates shown in Figure  4 are shown in Table 1.   TABLE I. THE
LIMIT ELONGATION (OBSERVED VALUE) AND THE RATIO OF ACTUAL WIRING LENGTH TO LAND PITCH (CALCULATED VALUE)
Meander wiring
Spiral 1/2 rotated Spiral 3/4 rotated
Ratio of wiring to land pitch (%) -78 151
Limit elongation rate (%) 27 99 167
The limit elongation rates roughly match the calculated values. It can be seen that the surplus length of the wiring between lands has potential for elongation. Since the ratio of wiring is determined by the land pitch, line width, and line interval, etc., the limit elongation rate increases with greater land pitch or decreasing the line width and interval. The spiral shape can efficiently pack long wiring within a limited volume. This is one of the reasons for this configuration showing a high elongation property.
IV. DURABILITY WHEN REPEATEDLY STRETCHED
It is important for stretchable wiring not only to extend but also to fit the human body as it shrinks. Since wiring that made of only metal and a PI layer shows insufficient shrinkage, this wiring was sandwiched in a 30 µm-thick thermoplastic polyurethane (TPU) sheet. We then evaluated the initial reliability of this wiring when subjected to repeated 10% stretching. The results are shown in Figure 6 and 7. The meandering-pattern wiring showed slightly increased resistance in the early stages of the stretching test: the wire broke after 82 cycles. No breakage was observed in the spiralshaped wiring, and its resistance had changed little, even after 200 cycles.
Observation of the fracture point in the meandering-pattern wiring revealed it to have taken place at a location with the tightest curvature. We conclude that the breakage was caused The above results show that spiral-shaped stretchable wiring has higher reliability. Further, this wiring can be applied not only to two-dimensional stretching, but also to threedimensional deformation, giving it potential to fit to curved surfaces with low rebound. This characteristic gives it excellent adaptability to wearable devices.
V. DEMONSTRATION
A. Flexible RGB-LED Display
We demonstrated a 45 x 80 matrix LED display at 3-mm pitch using spiral-shaped wiring. LED chips were mounted on the center land of each spiral structure. Both sides of the substrate were then laminated with TPU sheet. The substrate was made from a four-layer FPC, since it is necessary for each chip to produce all three RGB colors. Unnecessary structures on the substrate were cut off using a laser. The substrate is illustrated in Figure 8 (a) . This display is a passive-matrix drive with a drive voltage of 5 V. Its appearance while lit is also shown in Figure 8 (b) . The spiral-shaped wiring was found to be superior in flexibility and stretchability to a display using meander wiring at the same pitch. 
B. Stretchable LED Display
We also demonstrated a stretchable LED display at 3-mm pitch using spiral-shaped wiring made using a photo process. The spiral structure was formed using the process shown in Figure 2 . Next, a solder resist layer was formed and LED chips were mounted on it. The chip size is 1005. Photographs of the wiring and the chip-mounting structure are shown in Figure 9 (a) and (b). Figure 9 (c) shows a sealed stretchable display using a soft polyurethane gel. Since this seal gel is even softer than the TPU sheet, it has no adverse effect on the stretchability or deformability of the display. Short-circuiting between the wires and disconnections is also prevented by its sealing effect.
This demonstration confirms that a stretchable display can be driven without disconnections occurring, even while stretched or bent.
C. Comformable Wiring for Biosensors
We have processed a spiral wiring structure in patch-like form designed for use by attachment to a curved surface or a stretching and bending structure, such as part of the human body. The stretchable wiring was bonded to the stretchable fabric and coated with an adhesive gel on the side that comes into contact with the human body. One manner of adhering to the body is shown in Figure 9 (a). Thus it can be attached by fitting to the location of the curved shape, and it can also be greatly deformed, as shown Figure 9 (b). However, we have still not yet evaluated the setup with respect to biocompatibility. 
VI. CONCLUSION
We have designed a stretchable type of wiring with a novel structure, composed of spiral-shaped metal wiring and a PI layer that anchors the wires. The features of this wiring are 3D conformability, low-resistance stability, and process applicability that allows conventional processes to be used for its manufacture.
Since the resistance of this wiring is very low, it is possible to apply devices such as an LED displays that require low resistance to permit the flow of relatively high currents. Moreover, the wiring is not only highly stretchable: it provides an excellent fit owing to its softness and ease of deformation, which allow it to be used in applications that require direct contact with the human body. In the future, this wiring is anticipated to be used for purposes that include flexible displays or in digital signage, as well as in fields such as biosensing or wearable devices.
